High-intensity focused ultrasound (HIFU) has been shown to be effective in the treatment of solid masses such as uterine fibroids (1) (2) (3) . Additionally, it is under investigation for the treatment of a number of other diseases, such as prostate cancer (4, 5) and breast cancer (6) (7) (8) . For these thermal treatments, the role of imaging is 3-fold: targeting, temperature monitoring, and posttreatment verification. MRI can fill all three roles with exquisite soft tissue contrast. Another class of HIFU treatments is under investigation, in which the ultrasound is applied with relatively high power and low duty cycle in order to mechanically interact with the target, without the intention of heating the tissue. Examples include opening the blood-brain barrier (9) (10) (11) , sonoporation (12, 13) , and targeted drug delivery via liposomes (14, 15) . Here, the use of MRI in monitoring has been limited. However, acoustic radiation force imaging (ARFI) is a promising new method that may provide a means for monitoring low-duty-cycle pulsed HIFU with MRI. Recently, radiation force induced displacement was used to correct the phase aberration in rat brain (16) (17) (18) .
ARFI relies on the fact that when HIFU is applied to tissue, the acoustic radiation force will result in a displacement at the focal spot (19) . A substantial amount of work has been performed with ultrasound imaging based on ultrasonic correlation, where both spatial and temporal tissue responses can be monitored (20) (21) (22) (23) (24) (25) (26) (27) . As a method to map mechanical tissue properties, ultrasound ARFI has been used for a variety of clinical imaging applications, including assessing ablated tissue (25, 26) and visualizing abdominal malignancies (27) . On the other hand, focused ultrasound has been used to generate shear waves in MR elastography studies, and the induced displacement at the focus has been measured (28) (29) (30) (31) (32) . Subsequently, McDannold and Maier (33) developed an MR version (MR-ARFI) based on previous work by Plewes et al. (34) . This used a pair of Stejskal-Tanner gradients to encode the displacement into the phase (33) . With a displacement on the order of microns, it is necessary to use sensitizing gradients of large amplitude and duration, with significant diffusion weighting. Unfortunately, the large gradients render the method susceptible to bulk motion, loss of signal-to-noise ratio (SNR), and eddy current artifacts. The latter artifacts are manifested as a nonlinear background phase perturbing the displacement measurement (33) .
In this paper, we optimize the encoding gradients for MR-ARFI to improve the precision and accuracy of the displacement measurement. We first investigate the possible causes of several artifacts in MR-ARFI. With the knowledge obtained, we then provide a solution to eliminate those artifacts. The uncertainty of the displacement is analyzed, and the enhanced image quality is demonstrated in theoretical simulation and phantom experiments.
MATERIALS AND METHODS AND THEORY

Image Acquisition
A line scan diffusion-weighted imaging sequence was used as the MR-ARFI pulse sequence (35) , shown in Fig.  1 . Imaging was performed on a 3-T GE Signa MR scanner (GE Healthcare, Milwaukee, WI) equipped with an MRcompatible HIFU system (InSightec, Haifa, Israel). Three different sets of displacement encoding gradients (DE) were used. The first set was similar to that used by McDannold et al. (33) and used in the first set of experiments to evaluate image artifacts. This set consisted of a pair of Stejskal-Tanner (unipolar) gradients placed around the 180 refocusing pulse, with an amplitude G of 40 mT/m and the pulse width d of 18 ms, as illustrated in Fig. 1 . The body coil was used to transmit and a 5-inch circular surface coil was used to receive the signal. The following imaging parameters were used: echo time/pulse repetition time ¼ 69/500 ms, field of view ¼ 24 Â 3 cm, matrix size ¼ 256 Â 31, slice thickness ¼ 5 mm, bandwidth ¼ 7.81 kHz, Number of Excitations (NEX) ¼ 5. The raw data were reconstructed offline into a magnitude image and a phase image using Matlab (Mathworks, Natick, MA). Images were acquired in pairs, with identical pulse timing and imaging parameters, but with opposite polarity of the DE gradients.
A trigger signal was generated by the imaging sequence and fed to the HIFU system. The trigger synchronized the HIFU system to emit ultrasound pulses coincident with the encoding gradient, as plotted by the dashed lines in Fig. 1 . The experimental setup is illustrated in Fig. 2 . For experiments with sound on, the 1.0-MHz HIFU transducer was focused at a depth of 12 cm in a gel phantom (DQA Gel Phantom; ATS Laboratories, Bridgeport, CT) with mode 0. In mode 0, there is no phase shift over the sectors of the transducer array, creating a single concentrated focus. The ultrasound duty cycle was kept at less than 5% by keeping the pulse repetition time at 500 ms.
To test the temperature change due to sonication, SPGR images (echo time/pulse repetition time ¼ 13/26 ms, bandwidth ¼ 31.5 kHz, matrix size ¼ 256 Â 128, slice thickness ¼ 2 mm, NEX ¼ 1) were obtained before and immediately after acquisition of the MR-ARFI images.
Displacement Map Reconstruction
To extract the displacement map from the phase image, a three-step algorithm is performed on the pairs of images acquired with opposite DE polarity, as shown in Fig. 3 .
Step 1
The difference of each pair of phase images is taken. Two masks are applied to the phase difference. The first one is a general mask, which is obtained by thresholding the magnitude image to segment the phantom from the background air. Another mask, called the focal mask, is generated by manually selecting a region slightly larger than the focal spot.
Step 2 A linear regression is performed on the doubly masked phase difference image. The regression is done line by line in the readout direction, using least-squares curve fitting. The resulting constant and linear phase terms are then removed from each line.
Optional Step 3
Phase data acquired with the sound off are used as the baseline and subtracted from phase data acquired with sound on.
The residual phase (f) is the displacement map, which is proportional to the acoustic radiation force induced displacement with sensitivity of a mm/radian. Assuming that the displacement (d) is instantaneous, thus stationary during the encoding gradient, a is given by
where g is the gyromagnetic ratio, given by g/2p ¼ 42.57 MHz/T, and G and d are the amplitude and pulse width of the encoding gradient, respectively. 
Elucidation of Background Phase Artifact
To elucidate the contribution of bulk motion to background phase artifacts in MR-ARFI, an experiment was designed to isolate the phantom from the table vibration during the scan. The ''motion-free'' system included hanging the phantom from a wood board suspended through the magnet, between two aluminum platforms on either end of the magnet. The platforms were not touching the magnet or the table. The gel phantom was positioned in a part of the magnet similar to that during the other experiments. Due to the restriction of the setup, the body coil was used for transmit and receive. The image acquired using the motion-free system was compared to the one acquired with conventional setup to illustrate the effect of bulk motion.
To demonstrate the influence of eddy currents to the background phase artifacts, phase difference maps were acquired with the amplitude of the unipolar gradient stepped from 8 mT/m to 40 mT/m. The timing of the gradients was fixed, so the gradient slew rate changed from
The outcome of the three-step reconstruction on the acquisition using unipolar gradients (solid lines) with the corresponding sonication scheme (dashed lines). a,b: A pair of images acquired with opposite polarity of the encoding gradient; (c) is the phase difference of (a) and (b). A faint focal spot in (c) is almost hidden by the linear phase artifact caused by the bulk motion. Applying the general mask (d) and the focal mask (e) to (c), and the result (f) is processed in step 2. After removing the constant and linear terms from each line, the sonication-induced displacement presents on (g) on top of the background phase (arrows). The background phase appears to be second-order variation with position. Subtracting the baseline image (h), which is obtained with the sound off, yields the displacement map (i).
8.7 T/m/sec to 43.48 T/m/sec, and all other imaging parameters were the same as described before. Steps 1 and 2 of the reconstruction were performed, but not step 3, to yield the baseline images. The background phase was then measured and correlated with the gradient amplitude.
Optimized Displacement-Encoding Gradients
To reduce the eddy-current-induced contribution to the phase artifact, two different sets of encoding gradients were investigated: the repeated bipolar, as plotted in Fig.  1 DE (B) , and the inverted bipolar in DE (C). The sonication trigger was modified as shown by the dashed lines in Fig. 1 . For the repeated bipolar gradients, the sound was on through the 180 refocusing pulse. For the inverted bipolar gradients, the sonication was triggered twice. For all three encoding sets, the total effective encoding time was maintained at 18 ms. Therefore, all three sets had the same displacement sensitivity and total scan time.
SNR
All of the three encoding gradient sets are diffusion weighted. Approximating the trapezoid gradient as a rectangular gradient, the b value of the unipolar gradient set is
where each lobe has a duration of d, and the center of the two lobes is separated by a time interval of D. In this study, D is kept as small as possible and is approximated as dþ5 ms. For the repeated bipolar set and the inverted bipolar set, the b values are given by
Here, d is the duration of each bipolar gradient, and each lobe of it has a duration of d/2. Taking the b value and minimal T 2 weighting into account, the SNR of the magnitude image can be expressed as
where A is the signal intensity in the absence of noise, diffusion weighting, and T 2 decay, s is the standard deviation of the gaussian noise in that channel, and D is the apparent diffusion coefficient of the voxel. The echo time depends on the pulse width d plus some constant time, which can be approximated as TE min ¼ 2d þ const. Based on a reasonable duration for the other sequence components, const is taken as 15 ms. The phase image is reconstructed by calculating the arctangent of the real and imaginary amplitude ratio. Assuming A ) s, the distribution of the noise (Df) in the phase images can be approximated by (36)
which is a zero mean gaussian distribution with the SD s f ¼ 1/SNR m . Since the displacement map was calculated by taking the difference of a pair of phase maps, the SNR of the acquired displacement map is
where d is the real displacement. From Eq. 6, it is clear that the SNR of the displacement map depends on the encoding sensitivity a and the b value. The higher the sensitivity, the higher the measured phase signal. However, higher sensitivity requires a larger area for both the unipolar and the bipolar gradient sets, which increases the b value and echo time, resulting in a lower signal intensity. Since the gradients are played with maximum strength available, the SNR of the displacement map could be expressed as a function of d by the following for the unipolar gradients,
and for the bipolar gradients,
Thus, the two competing effects result in an optimal duration for the encoding gradient, which is demonstrated by a simulation. In the simulation of the displacement SNR of the white matter, an apparent diffusion coefficient of 1.5 Â 10 À3 mm 2 /sec and T 2 of 92 ms were used (37, 38) .
RESULTS
The results of the motion-free study shown in Fig. 4 demonstrate that the constant and linear phase terms are reduced in the motion-free case. When the phantom was suspended from the table with the motion-free system, the linear phase was decreased significantly. For a field of view consisting of 31 lines, the constant terms had a distribution 1.27 6 0.81 when the phantom was on the table compared to À0.22 6 0.27 with the phantom suspended. For the linear terms, the coefficient decreased from (À6.5 6 6.2) Â 10 À3 to (0.99 6 0.81) Â 10
À3
. The decrease was statistically significant (P < 0.0001), as tested by the Student's t test. The constant and linear terms can be easily corrected, as described in step 2 of the displacement map reconstruction.
After correction for the constant and linear phase terms, an additional phase artifact is seen at the edge of the phantom (dashed arrows in Fig. 3g and h ), when the images are acquired with DE (A) gradients shown in Fig.  1 . Since it is in the image with the sound off, this artifact was not related to the ultrasound application. Complex motions are unlikely to be the cause, since the form of the background phase is similar with and without table vibration, as shown in Fig. 4c that the second-order phase term persists with the motion-free system. One way to correct for this artifact is via the acquisition and subtraction of a baseline image with the sound off (optional step 3 of the reconstruction), as described in Fig. 3i .
The phase of one line of the baseline image along the readout direction is shown in Fig. 5 for several amplitudes of the unipolar encoding gradients. The background phase appears to be a spatially quadratic function and increases linearly with the amplitude of the encoding gradient.
The results of the background phase distortion for each of the three encoding gradients are shown in the first row of Fig. 6 . Optional step 3 of the reconstruction was not performed for these images. The unipolar encoding gradient has the largest background phase, with the repeated bipolar having the smallest background phase. The background phase acquired with the repeated bipolars appeared to be flat throughout the 12-cm phantom, such that a baseline subtraction is not necessary.
The results of the SNR analysis are shown in Fig. 7 . Increasing the encoding width initially provides more phase sensitivity. However, as shown in the figure, the loss of SNR with increasing b value overcomes the phase sensitivity, producing a maximum, as shown. The bipolar encoding gradients show an advantage over the unipolar gradients when the pulse width is longer than 5 ms. The simulation demonstrates the optimized pulse width is 19 ms for white matter when the bipolar gradients are used for encoding. The displacement maps acquired with the three different encoding gradients are demonstrated in the second row of Fig. 6 . A pulse width of 18 ms was used, and a significant SNR enhancement (SNR d,bi / SNR d,uni ¼ 2.54) with the bipolar encoding set can be appreciated. This measured enhancement ratio is close to the theoretical ratio 2.84, which is calculated by Eq. 7 and Eq. 8. This SNR improvement was achieved at no cost of scan time or encoding sensitivity. For these images, the displacement maps were corrected for the background phase in the optional step 3 of the reconstruction.
The simulation was applied to other tissue types, including kidney, liver, and prostate, to look for the optimized encoding pulse width. The optimized d is a function of tissue type based on their T 2 and apparent diffusion coefficient (37-39). The recommended values for different tissue types are listed in Table 1 .
Acquisitions with the repeated bipolar gradients are more robust against bulk motion, as shown by the reduction in the constant and linear phase terms shown in Fig. 8 . For these images, the phantom was imaged on the scanner bed. The linear artifacts on the image acquired with the repeated bipolars were less severe compared to the ones on the image acquired with the unipolar gradients.
To assess the heat accumulation, an SPGR sequence was implemented immediately upon the completion of a 5-min MR-ARFI experiment with an electrical power of 80 W with a duty cycle of 3.8%. A temperature increase less than 1 C was observed. The measured displacement changed as the sonication power changed. As illustrated in Fig. 9 , the electrical power of the HIFU system stepped from 0 W to 120 W, and a linear dependence between the power and the displacement at the focal spot was observed. The data were measured by the optimized repeated bipolar gradients, and a displacement less than 0.1 mm was detected.
DISCUSSION AND CONCLUSION
By analyzing sources of artifacts in MR-ARFI, we have shown that accuracy was reduced by the nonlinear background phase distortion caused by the eddy currents and nonlinear phase artifacts induced by the bulk motion. In addition, precision was reduced by noise when heavy diffusion weighting was applied. We have proposed using repeated bipolar gradients for MR-ARFI. An improved accuracy was achieved with the robustness against bulk motion and background phase distortion, and an improved precision was achieved with reduced diffusion-weighting and optimized encoding pulse width.
There are many possible contributors to image phase artifacts. These include the phase induced by amplitude of static field inhomogeneities, radiofrequency coil sensitivities, concomitant field, bulk motion, and eddy currents. Since the first two factors are not related to the polarity of the encoding gradient, contributions from these sources will be canceled by the phase subtraction in step 1 of the displacement map reconstruction. The concomitant-field phase artifacts will be nulled because the encoding gradients before and after the refocusing pulse are symmetric (40) . This leaves bulk motion and eddy currents as sources of image phase artifact.
Eddy currents are generated during the time-varying part of the gradient. Since they are proportional to the gradient slew rate (41, 42) , the phase accrued by the eddy-current gradient is additive in the subtraction of the phase image pair. Eddy current can be decomposed into amplitude of static field eddy current, linear eddy current, and higher-order terms. With line scan imaging, the first two terms would cause linear phase accumulation along the readout direction and could be corrected by step 2 of the reconstruction. In this work, the higherorder terms are reduced by the repeated bipolar gradients. A computational approach to remove the phase artifacts induced by the higher-order terms is to use polynomial fitting outside of the focal spot to subtract the background from the whole phantom (33) .
In the displacement reconstruction, the focal mask removed the displacement-induced phase from each line before the linear phase fit, to prevent it from biasing the estimation of the constant term. This step is important for quantifying the displacement accurately. The mask was manually selected by visually inspecting the result of step 1 and preknowledge of approximate location of the focal spot. As shown in Fig. 3c , the magnitude of the radiation force induced displacement was smaller than the bulk motion from table vibration and other factors. Therefore, this step could be improved by an automated iterative reconstruction. If no focal mask is assumed (the focal mask is initially set to a null matrix), then the result of step 2 would show the focal displacement in addition to a nonzero constant offset. An edge detection algorithm could then detect the focal spot and use that as the focal mask.
Step 2 would be repeated to eliminate the erroneous DC offset.
With the application of HIFU, the temperature could change in MR-ARFI. Although the duty cycle was kept at lower than 5%, heat could accumulate after a long experiment. Since the line scan sequence is a spin echo sequence, the temperature change would not affect the phase measurement. But the Young's modulus is a function of temperature; thus, the displacement might change when the temperature changes significantly. Since the temperature increase was less than 1 C after a 5-min experiment, the change of Young's modulus is neglected in this work. For the experiment of stepping the applied power from 0 W to 120 W, the data points were randomly acquired instead of changing the power monotonically. Potentially, MR-ARFI is promising for guiding many HIFU treatments. First, it can map the displacement at the focal spot before any significant heat could be generated, it could noninvasively visualize the ultrasound beam pattern in vivo, and it could calibrate the HIFU system before and during the treatments. Second, MR-ARFI might be useful to calculate the energy dose deposited at the focal spot, thus providing a way to monitor mechanical-mode HIFU treatments. In order to do that, the displacement measurement must be precise and accurate.
In this work, MR-ARFI is optimized by improving the encoding scheme with repeated bipolar gradients. The displacement is measured with an enhanced accuracy and precision at no cost of scan time or encoding sensitivity. These improvements may lead to novel applications of MR acoustic radiation force imaging.
